The paper gives brief information about the status of the ANDREA code implementation at the Nuclear Regulatory Authority of Slovak republic and Slovak University of Technology in Bratislava. The first results of real fuel loading are compared to KASKAD results and a brief discussion on achieved progress and further plans is provided.
Introduction
The primary interest in reactor analysis is to be able to predict and model day-to-day steady state operation of the reactor core, or to model brief periods of time during which the reactor is experiencing some sort of operational transient due to an unexpected insertion or removal of reactivity. Such analyses are performed using a threedimensional nodal code with thermalhydraulic feedback.
Respecting the "safety first" approach, the role of NPP operator (license holder) is to demonstrate that the neutron-physical parameters of the reactor core are in compliance with the design requirements. On the other hand, The Nuclear Regulatory Authority (NRA) should be able to adequately and independently verify the calculation process and results related to such analysis. Following efforts of continuous improvements and strengthening the competency of NRA SR, which exercises state supervision over nuclear safety, the new calculation code ANDREA was procured through a public procurement in late 2016. Since then the implementation phase of the new computational tool is ongoing at NRA SR in a close cooperation with the Institute of Nuclear and Physical Engineering of the Slovak University of Technology in Bratislava (STU). This paper presents the results of the first implementation phase of the STU computational subgroup and their comparison to characteristics delivered by the license holder to NRA SR. It should be noted, that the intention of this paper is to show the progress of implementation, however some discrepancies may be still observed, due to different computation methods implemented in both codes, historical definitions of calculations paths and not negligible user effect.
2 The macro code ANDREA
A brief code description
The macro code ANDREA [1] is an in-house code originally being developed in Nuclear Research Institute (NRI) REZ since 2005. The code is designed to support fuel reload and safety analyses of WWER type reactors. The code solves the two-group diffusion equation with help of contemporary nodal method, which ensures accuracy typical for nodal codes and acceptable speed of calculations. To speed-up the calculations, the conformal mapping of hexagonal homogeneous node onto a rectangular node is implemented resulting in the transfer of 3D diffusion equation into four 1D diffusion equations related by the transverse neutron leakage terms. The reconstruction of the actual fuel pin-wise power distributions is based on calculated nodal flux and pre-calculated flux shapes for given burnup. The advantage against other codes is the ability to calculate inhomogeneous burnup (burnup gradient) of fuel assemblies. The thermal-hydraulic module assumes the isolated channel for each core subassembly, where the flow-rate is considered to be even in the channels. According to code authors, this assumption is suitable for WWER-440 cores. The program ANDREA carries out the calculation according to the user-defined paths, where operational time, thermal power, control rods position and boric acid concentration can be defined or calculated based on other defined parameters and the actual core status. The program ANDREA has been designed for UNIX-like systems.
The cross section libraries
The design dependent macroscopic cross sections and other constants are comprised in libraries computed in advance by the HELIOS lattice code. These libraries can be prepared by the QUADRIGA user interface; however, this ability is not included in the license negotiated between NRA SR and NRI REZ. Therefore, the results presented in the paper are based on libraries delivered by NRI REZ to NRA SR and subsequently to STU BA.
The KASKAD package
The software package KASKAD [2] , developed in RRC Kurchatov Institute and intended for calculating the neutronic parameters of WWER reactor cores, is currently used at joint-stock company Slovenské elektrárne, which acts as an operator of Slovak NPPs. The package consists of several coupled codes such as BIPR-7A and PERMAK-A. The BIPR-7A code has been designed to perform 3-D assembly-wise core calculations using the two-group diffusion approximation with 3D coarse mesh. The PERMAK-A code has been designed to perform pinby-pin multilayer 2D calculation with 4 or 6 group approximations. Neutronic constant libraries necessary for above mentioned codes are produced by the 2D spectral code TVS-M [3] , while the boundary conditions for radial and axial reflectors can be determined by the PERMAK-A and the PERMAK-3D [4] codes. The whole package is implemented in an interactive graphical interface. More information can be found in enclosed references.
Investigated computational paths
The computational paths for which results are compared here in the paper are chosen based on NRA SRs internal document "The minimum required range of neutron-physical characteristics calculations to control the fuel loadings in Slovak Republic" (hereinafter denoted as Document) [5] . The document is constantly evolving and is periodically changed to reflect the actual findings resulting from implementation activities. All the presented calculations are based on the 33 rd fuel loading of NPP Bohunice unit 4.
The actual content of the Document
The document content is divided to the several sections in which the computational paths are precisely specified. To give a brief overview of the computational volume, the main titles of relevant sections from the Document are shown below.
• The critical boric acid concentrations of different core states including different burnup steps.
• The total control rod (CR) groups worth at the BOC, MOC and EOC conditions.
• Integral and differential characteristics of control rod groups in independent and tandem operation under conditions defined in the previous bullet.
• Additional safety-related parameters of the core, such as axial and radial power peaking factors (nuclear hot channel factors), hot channel position, average core burnup and reactivity feedback coefficients (Doppler feedback, moderator temperature and power feedback).
• The level of subcriticality in case of the most effective CR stuck during shutdown conditions.
• The worth of the most effective CR during withdrawal accident and shutdown conditions.
• The xenon and samarium poisoning effects.
• The kinetic parameters, such as the effective delay neutron fraction and the average prompt neutron lifetime.
• The length of fuel cycle (includes boron regulation, control rod position movement, power and temperature effect).
Methodology of comparison
Due to the development stage of ANDREA and its implementation phase at NRA SR, the provided comparison is mainly focused on the verification of its usability and abilities. Therefore, the results provided by the license holder (KASKAD) are considered as reference values. Thus, the actual change and the relative change in the investigated parameters are evaluated by (1) and (2). The relative change can be expressed in percentage, if necessary.
Ressults
For the sake of brevity, just exemplary results are provided in the paper. The results of boric acid concentrations (cb) for different effective power days (efpd), shutdown condition (P = 0 ), the average moderator/coolant temperature T m = 200
• C, the position of the 6-th CR group H 6 = 175 cm, the 6-th CR group position through nominal power operation (NPO) H 6NPO = 225 cm and no xenon poisoning (Xe = 0 ) are shown in Fig. 1 . The value calculated by the ANDREA code is bounded by symmetric uncertainty at 95% confidence level (0.3 g/kg) as defined in the document [6] . The relative change is always below 3% and the KASKAD values lies inside the ANDREA uncertainty. These calculations may be considered as identical.
The second category of the presented results is the concentration of boric acid during cold shutdown with CRs parked in their upper-end positions and with reactivity level of −2 %. As defined, the additional safety shutdown margin (SSM = 0.3 g/kg) is applied to the calculated concentrations. Fig. 2 shows the comparison of results achieved by both codes. As it is clear from Fig. 2 , the maximal relative change of final concentrations is under 1 %, therefore these calculations can be considered as identical.
The CRs (37 pcs.) are in WWER-440 divided to 6 groups, where the sixth group consists of 7 pcs. including the central rod and the other groups consist of 6 pcs. The worth of each specific group is calculated by its subsequent withdrawal to the upper parking position from the initial core state, where all control rods were fully inserted to the core. The reactivity worth of a specific group is then calculated as the difference between the reactivity of the inserted CRs and the reactivity of the CRs in their upper parking positions. Several core states (power level, coolant temperature, burnup level) were investigated, but just only four specific cases are presented here. The first case comprises the absolute results (ρ & dρ) and relative change values (δρ & δdρ) for BOC -cold shutdown with boron acid concentration equal to cb = 13 g/kg. The second case is defined as BOC -full power, critical boron acid concentration and the 6-th CR group position H 1−6 = 250 cm. Results can be found in Tab. 1. The symmetric uncertainty of ANDREA regarding the effectiveness of CR groups is 20 %. The relative change of the cold shutdown state shown in Tab. 1 are well below or close to requested margin, however data which belong to the full power case are much more biased. Here the maximal relative change reaches approximately 44 %. It should be noted that the actual changes are not so dramatic, nevertheless the source of these discrepancies need to be clarified in the future. The structurally same results at the EOC can be found in Tab. 2.
From Tab. 2 a reader can recognize that relative changes are relatively high for the cold-shutdown state. The results for the full power are almost identical with BOC condition. It can be considered that these discrepancies from both codes are systematically biased, but authors assume that the results are mainly influenced by the different calculation scheme applied by different teams (user effect). These inconsistencies can be clearly seen also on the CR S curves. As an example, the S curves of the 6 th CR group with the 5 th group in tandem are shown in Fig. 3 at BOC and EOC conditions. The average moderator/coolant temperature is set up to T m = 200
• C and the core is in shutdown state. If the total worth of each CR group presented in Fig. 3 is normalized to unity, it can be realized that the reactivity shift of the CR worth from BOC to EOC conditions is preserved for both codes. This fact can help to find the reason of biased results.
In general, power peaking factors are important for steady state core operation. The results of the radial power peaking factors (FRs) and the linear power peaking factors (FLs) are presented in this section. The FR is defined as the ratio between the maximum generated power of actual fuel assembly (FA) and the average power of one FA in the core. The linear power peaking factor is defined as the linear power rate of actual position to the average level of linear power rate in the core. The maximal FRs and FLs and corresponding positions of FAs were compared to KASKAD results. The results of ANDREA code and relative changes at BOC, MOC and EOC conditions, H 6NPO = 226.2 cm and H 6 = 226.2 cm are shown in Tab. 3. Table 6 . Sub-criticality of the core in case of stuck CRr of the 6 th group TM ( As can be seen in Tab. 3, the relative change for both coefficients is less than 4 % in all cases, what can be considered as acceptable. Also, the corresponding FA positions are correctly identified. However, the different definitions of the ratio of the total pin power to the total core power divided by number of pins (FdH) are used in both computational systems. This discrepancy can be solved by the correct definition of desired computational path.
A reactivity coefficient (RC) is defined as the change of reactivity per unit change in some operating parameter of the reactor. The moderator temperature coefficient (MJC) and total reactivity coefficient (calculated as a sum of MJC and FTC -fuel temperature coefficient) were investigated due to their importance for evaluation of the limits and condition of safe operation within each reactor campaign. ANDREA systematically underestimates the moderator temperature coefficient by 0.25 × 10 −2 %/ • C, which was statistically evaluated within ANDREA code validation. If the bias is applied, the standard deviation of 0.25 × 10 −2 %/ • C can be considered for the final value of moderator temperature coefficient. The results calculated by ANDREA for critical and sub-critical reactor state and the associated absolute changes can be found in Tab. 4 .
The actual changes of Moderator and Total RC are in all cases within the standard deviation of 0.25 × 10 −2 %/ • C where the same conditions as for Moderator RC as well as for Total RC were considered due to usage of the biased Moderator RC within determination of the Total RC and no information about Total RC uncertainties exist. Generally, almost perfect agreement was obtained in comparison of the codes ANDREA and KASKAD. For the BOC the absolute change is relatively small, but towards to higher depletion is increasing. This increase insignificant compare to increase of the values of RCs and therefore can be also consider as negligible.
The results of the worth of the most effective CR during withdrawal accident and shutdown conditions are presented in Table 5 . Zero power was assumed before the CR withdrawal (P = 0 ), T m = 260
• C, H 6NPO = 226.2 cm and the position of the 6 th CR group was H 6 = 50 cm. According to this calculation, the most effective CR is the one placed on the core periphery in position 6.6. The results demonstrated in Tab. 5 are in good agreement where the maximal relative change of CR worth equals approximately 5 %. Even more, the calculated results are same at MOC. These results can be judged as consistent and acceptable.
The comparison of results for the sub-criticality of the core in case of stuck CR of the 6 th group between AN-DREA and KASKAD is shown in Tab. 6. In the calculation the critical concentration of boric acid was calculated for the position of the 6 th CR group H 6NPO = 226.2 cm. Subsequently the position of the sixth CR group was changed to H 6 = 172.6 cm, the power of the core was set to zero power state and the sub-criticality of the core was calculated for the set of temperatures defined in Tab. 6 . From the results we can see large discrepancy between the ANDREA and the KASKAD results, which exceeds the statistical uncertainty of the calculation of control rod worth in ANDREA (20 %). The source of this discrepancy will have to be analysed in the future.
The next results are devoted to the kinetic parameters important for the reactor control system and related reactimeters. The effective delayed neutron fraction (β eff ) values and the average neutron generation times (Λ avg ) calculated by ANDREA at BOC and EOC conditions are presented in Tab. 7.
The results in the table above show good agreement of the delayed neutron fractions where the relative change is lower than 4 %. The results of the average neutron times are slightly worse, where the relative change at BOC reaches almost 12 %. It is hard to predict, whether these discrepancies come from nuclear data or they are caused by the different isotopic composition at the BOC. The comparison of kinetic parameters should be made for the first imaginary fuel loadings in future. The calculated lengths of fuel cycle for boron regulation, for the different positions of the 6 th CR group and power levels are shown in Tab. 8. The comparisons quantified using the relative changes show a very good agreement and consistency between both codes. It can be seen that the relative deviations are well below 1 % for nominal power cases. The length of fuel cycle measured in effective power days differs more for the case of decreased power, however the relative deviation below 3 % is still acceptable and lies within the uncertainty declared by ANDREA developers. The relative changes of average moderator/coolant temperatures Tm are below 2 % and can be judged as negligible.
Conclusion
The abilities of ANDREA code were demonstrated by comparing its results with the KASKAD code package. Taking into account the implementation phase of the ANDREA code at NRA SR and STU in Bratislava, the achieved results can be considered as satisfactory. Nevertheless, the discrepancies in the worth of CR groups need to be further investigated and clarified. The reliable option of further work is the Monte Carlo calculation of the CR worth for zero power reactor. The same applies to the power reactivity feedback where the relative changes exceed the level of 100%. Based on results, authors assume that the most significant differences between codes are reflector macroscopic cross section data and simplifications used in the thermal hydraulic model. Authors believe that successful implementation of the ANDREA code will extent the abilities of NRA SR and therefore will improve the nuclear safety in Slovakia.
